Background Bone-vessel interaction in chronic renal failure remains poorly understood and could be driven by bone remodeling factors including osteoprotegerin (OPG), fibroblast growth factor 23 (FGF23), parathormone and vitamin D. Only few data are available in renal transplantation. The aim of this study was to investigate the relationship between bone remodeling factors and large artery function in renal transplant patients. Methods 89 renal transplant patients were enrolled in this cross-sectional study. Carotid to femoral pulse wave velocity (PWV) and central augmentation index (AIx) were determined as an estimation of large artery function. Blood samples were collected for measurement of vascular risk markers. Independent predictors were identified by multivariate linear regression through backward feature selection using Akaike's information criteria. Results At multivariate analysis, age (p \ 0.001) and systolic arterial pressure (p = 0.003) were significantly associated with PWV but not AIx. In addition, both elevated blood concentrations of 1.25(OH) 2 vitamin D (p = 0.013) and OPG (p = 0.047) were still significantly related to high PWV. Conclusions These results underline that age and mean arterial pressure are the main determinants of PWV following renal transplantation. Among bone remodeling biomarkers, plasma OPG and active vitamin D were the strongest determinants of arterial stiffness.
Introduction
Arterial stiffness, as measured by pulse wave velocity (PWV), is an important risk factor for cardiovascular events and has been recently identified as a strong predictor of all-cause mortality in kidney transplant patients [1] . Increased arterial stiffness has been associated with numerous traditional risk factors including age, blood pressure and diabetes [2] as well as with non traditional risk factors such as inflammation [3] , albuminuria or reduced glomerular filtration rate (GFR) [4] . In addition, disorders of mineral and bone metabolism related to chronic kidney disease (CKD-MBD) [5] could contribute to the arterial remodeling and medial calcification leading to arterial stiffness with elevated pulse pressure (PP) and faster PWV [6] . Bone-vessel interaction in chronic renal failure could be driven by bone remodeling factors including osteoprotegerin (OPG), fibroblast growth factor 23 (FGF23), parathormone (PTH) and vitamin D. However, few data are available in renal transplantation. In renal transplant patients, PWV remains higher than in healthy subjects [7] despite restoration of renal function and thus elimination of toxins which have a role in promoting vascular remodeling.
The purpose of this study was therefore to evaluate the relationship between biomarkers of vascular risk (CKD, inflammation, malnutrition, mineral metabolism disorders and particularly bone disease markers such as OPG) and large artery function in renal transplant patients.
Methods Subjects
Eighty-nine transplanted patients from the Montpellier university nephrology transplantation unit were enrolled in this cross-sectional study. As part of our regular patient follow-up and quality assurance process, the patients were admitted in the morning, after an overnight fast, to our outpatient clinic for renal hemodynamic and function tests. All reported investigations were carried out in accordance with the principles of the Declaration of Helsinki as revised in 2000 (http://www.wma.net/e/poling/17-ce.html); informed consent was obtained from all patients before participating in the study. In accordance with French law, the study was registered at the Ministère de l'Enseignement Supérieur et de la Recherche with the number DC-2008-417 after it was approved by our institution's ethical committee.
Clinical evaluation
Detailed medical history including age, gender, weight, height, cause of CKD, time spent in dialysis, diabetes mellitus, hypertension, immunosuppressive regimen, medications (vitamin D, phosphate binders, calcimimetics), and presence of atherosclerotic cardiovascular disease was recorded. Existence of hypertension was defined by brachial blood pressure higher than or equal to 140/90 mmHg and/or by current antihypertensive treatment. Presence of atherosclerotic cardiovascular disease was defined by the presence of at least one of the three following manifestations: coronary heart disease, cerebrovascular disease, and peripheral atherosclerotic disease [8] .
Determination of renal function
Glomerular filtration rate was measured by urinary clearance of technetium-labeled diethylene-triamino-pentaacetic acid ( 99m Tc-DTPA) using the constant infusion technique, as previously described [9] . Briefly, after the induction of water diuresis and a 90-min equilibration period, four 20-to 30-min urine collections were obtained by spontaneous voiding. At midpoint of each clearance period, blood was drawn for the determination of plasma radioactivity and hematocrit. The measured GFR (mGFR) value was the average of four measurements.
Blood pressure measurements
In strictly standardized conditions, arterial pressure was measured in the supine position, after a 10-min period of rest every 3-5 min with an automatic device (Dinamap 845 XT, Critikon, Chatenay Malabry, France). The value used in this study was the average of the mean values obtained during the four clearance periods. Pulse pressure (PP) was considered as the difference between the systolic and the diastolic blood pressure (SBP and DBP), and mean arterial pressure (MAP) was calculated by the formula MAP = (SBP ? 2DBP)/3 [9] .
Pulse wave velocity
Femoral, carotid and radial pressure waveforms were recorded by applanation tonometry using the SphygmoCor system (AtCor Medical, Sydney, Australia). From carotid and femoral waveforms, wave transit time was calculated using the R wave of a simultaneously recorded electrocardiogram as a reference frame and the foot of the waves determined with intersecting tangent algorithm. Transit distance was calculated as 80 % of the direct carotidfemoral distance and carotid-femoral PWV was calculated as transit distance divided by transit time [10] .
Pulse wave analysis
The central aortic waveform and the augmentation index (AIx) were derived by applying a validated transfer function to recordings of the arterial pressure waves at the radial artery. The AIx was calculated as augmented pressure/central pulse pressure.
Laboratory measurements
While patients were in the supine position and before the start of GFR measurement, blood samples were collected and centrifuged for routine parameter measurements, then the remaining supernatant was stored at -80°C for later processing of FGF23 and OPG. Enzymatic creatinine and high-sensitivity C-reactive protein (hs-CRP) were measured using Randox reagents (Randox, Mauguio, France) on an Olympus apparatus (Olympus, Rungis, France). Plasma glucose, albumin, calcium and phosphate were assessed on an Olympus apparatus. Serum total cholesterol (TC), highdensity lipoprotein cholesterol (HDL) and triglyceride (TG) levels were measured by an enzymatic method (Architect; Abbott Park, IL, USA). Glycohemoglobin (Hba1c) 
Statistical analysis
Continuous data are reported as median and interquartile range (IQR) and categorical data as percentage for descriptive purposes. Since the distribution of PWV values in our population was skewed, logarithmic transformation (base 2) was used for PWV values prior to modeling. Predictors of PWV were identified using least squares linear regression. Covariates significantly associated with PWV at the 0.15 level after adjustment for age and gender were proposed for multivariate analysis. For multivariate model building, a backward automated variable selection procedure based on the Akaike information criterion (AIC) was used. Significance level was set to p \ 0.05. Statistical analysis was performed using R 2.15 software (R Foundation for Statistical Computing, Vienna, Austria).
Results

Baseline characteristics
Clinical and biological characteristics of the 89 renal transplant patients at baseline are reported in Table 1 . The median age was 51 years and the gender ratio was 1.96 (59 males/30 females). CKD causes were as follows: glomerulonephritis (n = 15), polycystic kidney disease (n = 18), diabetic nephropathy (n = 2), hypertensive nephropathy (n = 2), unknown cause (n = 21) and other (n = 31). Most patients were hypertensive, few diabetics were included, and half of the group never smoked. Past history of cardiovascular disease was found in 1 in 5 patients. Median time since transplantation was 1 year (IQR 3.4-12.1 months). Immunosuppressive protocols included a sequential quadruple therapy regimen. On the day of inclusion, maintenance immunosuppression was as follows: 92.1 % of patients were on calcineurin inhibitors (29.2 % cyclosporine and 62.9 % tacrolimus), 7.9 % were on mammalian target of rapamycin (mTOR) inhibitors (sirolimus/everolimus), 92.1 % on mycophenolic acid compounds, 4.5 % on azathioprine, and 30.3 % were steroid free. Determinants of artery function
Older age was significantly associated with higher PWV and AIx (p \ 0.001 for both). Gender was significantly associated with higher AIx (p \ 0.01) but not PWV (p = 0.095). After adjustment for these two variables (Table 2) A multivariate linear regression analysis was carried out to identify independent predictors of PWV. The model 
Discussion
In the present study involving renal transplant recipients, the relationship between established as well as newly proposed biomarkers of vascular risk and the extent of arterial stiffness based on PWV was evaluated. As reported in numerous other clinical conditions, age and blood pressure were found to be strong determinants of arterial stiffness in renal transplantation [2, 6] . We extended these findings by demonstrating that PWV was also independently related to bone remodeling biomarkers such as OPG and 1.25(OH) 2 vitamin D. Cardiovascular disease (CVD) is the leading cause of death in renal transplant patients. Since traditional risk factors may not solely explain the excess risk of CVD, this may suggest another pathophysiology in these populations. Medial arterial calcification (MAC) is recognized to cause arterial stiffness and subsequently could contribute to cardiovascular morbidity and mortality [11] . MAC is mainly associated with CKD-induced mineral metabolism disorders but also with age and diabetes. However, we did not observe any association between diabetes mellitus or CKD stages and PWV in our study. At univariate analysis, median PWV was similar in non-diabetics [8.21 (7. (8.46-10.25) for CKD stages IV-V; p = 0.14, Kruskal-Wallis test]. The absence of any relationship between diabetes or CKD stages and PWV in the present study may be related to the fact that only 10 % of the study population had diabetes and that the majority had only moderate impairment in kidney functions (59 % with stage III CKD; 60 % with ACR \3 mg/mmol). Indeed, the previously observed weak relationship between renal impairment and arterial stiffness could have been attenuated by the narrow range of renal function in our study [4, 12] . Inflammation was shown to be associated with increased arterial stiffness [4] . However, the relationship observed at univariate analysis between low grade inflammation and PWV did not reach significance at multivariate analysis. Here again, it should be noted that CRP distribution was quite similar to that of healthy volunteers [13] and that the evaluation of low grade inflammation was altered by active immunosuppression.
Arterial stiffness has been reported to be dependent on the immunosuppressive protocol but the association remains unclear. Strózecki et al. [14] established that use of cyclosporine in kidney transplant recipients leads to increased PWV compared to a tacrolimus-based immunosuppressive protocol. Conversely, in the present study, a close to significant negative association was observed between PWV and cyclosporine. This difference could be partly explained by a shorter transplant follow-up (median time 1 vs. [2 years) and a higher proportion of patients under tacrolimus (63 vs. 43 %) compared to Strózecki et al. [14] . Of note, cyclosporine has been previously associated with a lower incidence of glucose abnormalities and use of hypoglycemic medication than tacrolimus at 6 months post-transplantation, both conditions related to increased arterial stiffness [15] .
Abnormalities of bone and mineral metabolism have been recognized as an important component of arterial dysfunction in CKD patients [11, 16, 17] . However, the intricacy of mechanisms involved in arterial stiffness development between vitamin D, secondary hyperparathyroidism, FGF23, bone remodeling regulators such as OPG/ receptor activator of NF-B ligand (RANKL) and Wnt/ LRP5/sclerostin remain poorly understood [18] and could [20] . In addition, data from human studies and animal models suggest a biphasic cardiovascular effect of active vitamin D [21] which could be partly related to FGF23 action on 1-alpha and 1-24 hydroxylase.
The level of FGF23 rises as renal function declines [22] and reaches maximal values in dialysis patients. FGF23 remains elevated for some months after renal transplantation as compared with subjects of similar GFR and diminishes after 1 year [23] . Several studies have reported an association between FGF23 and endothelial dysfunction, vascular calcifications, arterial stiffness and/or outcome in CKD and dialysis patients [24, 25] via Klotho-dependent or independent pathways. However a recent study by Scialla et al. [26] has challenged this point of view. In this translational study including 1,501 CKD patients, no relationship was found between FGF23 and arterial calcification. These features have been recently confirmed in hemodialysis patients [27] . Our results are in agreement with these observations and previous data from our group suggesting that, in a cohort of CKD stage I to V, FGF23 was associated with high, not moderate, calcification, in contrast to OPG [22] .
Evidence supports the assumption that the OPG/ RANKL complex cytokine network, a key factor in the regulation of bone metabolism, may be expressed and implicated in vascular pathophysiology. Indeed, OPG has been proposed as a protective factor for vascular calcium deposition regarding data from animal models [28] . However, epidemiological studies [29] support the notion that elevated levels of OPG are associated with vascular risk in both general and high-risk populations including CKD patients. We previously demonstrated that OPG was a strong predictor of coronary artery calcification during the progression of CKD as well as during dialysis [8, 22] . In agreement with results in CKD [30] and dialysis patients [31] , OPG is shown to predict PWV in post-transplant renal patients. In this context, it may be questioned whether an increase in OPG level represents a deleterious effect of OPG in the vascular calcification process or a compensatory self-defensive mechanism against factors that promote vascular calcification. Indeed, elevation of OPG levels in response to vascular calcification could block the bone remodeling process in vascular tissue through binding to RANKL and neutralize the pro-apoptotic actions of tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) [32] . Alternatively, it has been reported that OPG exhibits some potential effects that may contribute to vascular injury [33] . For example, it has been shown that treatment of apolipoprotein E (ApoE)-deficient mice with recombinant OPG resulted in an increased collagen content of the vascular media [34] . Excess synthesis of bone extracellular matrix by osteoblasts could lead to arterial stiffness without any mineralization. In addition, OPG could modulate inflammation and endothelial dysfunction [28] .
The largest studies on evolution of vascular calcification after renal transplantation show that renal transplantation slows but does not halt the progression of both coronary (CAC) and aortic calcification (AoC) compared to what observed in hemodialysis [11] . In line with these data, we have previously shown, in a cohort of 76 patients, that the CAC score progressed in 26.3 % of patients 1 year after renal transplantation [8] . Interestingly, we observed in the ''non-progression'' group, a subgroup of patients (14.5 %) who had a reduction in CAC score, and the pre-transplant level of OPG predicted in part progression of calcification after renal transplantation [8] . Since OPG has been associated with progression of vascular calcification, it may be questioned whether normalization of OPG, as one of the promotors of MAC, cannot be associated with regression of pre-existing calcification. However, given the relatively short period of time for follow-up post-transplant, it may be difficult to draw conclusions about the reversibility, and long-term follow-up is needed. Circulating OPG may also reflect a new balance between bone turn-over and vascular production which could be affected by immunosuppression [35, 36] . However, no data are currently available concerning the relative action of cyclosporine and tacrolimus on the OPG/RANKL system. Our study has some limitations. Firstly, the relatively small sample size of this cross-sectional study may have prevented some associations from being statistically significant. Secondly, known risk factors of MAC leading to arterial stiffness, e.g. diabetes, and advanced CKD stages, were not adequately represented in our population, which may have attenuated the associations. Finally, FGF23 and OPG were analyzed as biomarkers but their pathophysiological role could not be evaluated without an assessment of their corresponding receptor/ligand Klotho or RANKL.
Conclusion
In conclusion, we have demonstrated that OPG and active vitamin D are associated with arterial stiffness in the early post-transplant period following renal transplantation. This complex relationship with bone-vascular disease in kidney recipients remains incompletely understood, since it probably involves renal and extra-renal factors such as inflammation, immunosuppressive regimens, preexisting bone disease and vascular calcifications.
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